Abstract-An omnidirectional mobile manipulator, due to its large-scale mobility and dexterous manipulability, has attracted lots of attention in the last decades. However, modeling and control of such a system are very challenging because of its complicated mechanism.
I. INTRODUCTION m m
obile manipulator, which generally consists of a obile platform and a robot arm, provides a new direction in robot researches and applications due to its large-scale mobility and dexterous manipulability. The mobility of the mobile platform substantially increases the size of workspace, and enables the end-effector of the manipulator to reach a relatively better position to operate dexterously. Meanwhile, the manipulability of the robot arm greatly improves the functionality of the mobile manipulator. Because of these distinct advantages, mobile manipulators have been applied more and more extensively.
Compared to the differential-driven mobile platform，the omnidirectional mobile platform has all three degrees of freedom (DOFs) in the horizontal motion plane. Therefore, it can completely use the null space motions to improve the workspace and overall dynamic endpoint properties. A number of related works have been developed in this field in the last decades. In literatures [1, 2, 3] , modeling and control of omnidirectional mobile robots were analyzed in details. The dynamic model and kinematic model of an omnidirectional mobile robot with three castor wheels were presented in [4, 5] . Tan and Xi [6] proposed a unified dynamic model for a mobile manipulator consisting of a Nomadic XR4000 mobile platform and a Puma 560 robot arm. Holmberg and Khatib [7, 8, 9 ] developed a holonomic mobile robot and presented a dynamic control scheme for a parallel redundant system. Liu and Lewis presented a decentralized robust controller for mobile manipulators in [10, 12] , and Chung and Velinsky [11] also derived the dynamic model of the holonomic mobile platform and the manipulators separately. On the whole, existing works can be approximately divided into two groups: One is modeling and controlling of the mobile platform and the robot arm separately [10, 11] , i.e., the mobile manipulator is regarded as two subsystems. The other is the integrated modeling and control approach, that is, the mobile platform is regarded as a multiple-DOFs joint [6] . For the former strategy, although it is relatively easy to get the dynamic models of the mobile platform and the robot arm respectively, its difficulty lies in the calculation of the coupling torque vector between the mobile platform and the robot arm. For the latter strategy, the difficulty lies in the computational complexity. In addition, control of such systems is very challenging even if we have derived the overall dynamic model. Many intelligent control schemes are unable to be applied online due to the computational complexity of the model. Furthermore, the difference of the dynamic response between the mobile platform and the robot arm is significant in practical applications. This characteristic leads to some difficulties for designing the controller as a whole.
Computed Torque Control method (CTC) is applied widely in mechanical systems. However, requirements of precise model are very rigor in practical applications. Furthermore, this kind of controllers becomes unstable when the unmodeled dynamics or the external disturbance is significant. Song and Yi [13] adopted a fuzzy approach to compensate the uncertainties.
In order to overcome these difficulties referred above, an adaptive hybrid control scheme, combining the kinematics of the mobile platform and the unified dynamic model of the mobile manipulator, is proposed in this paper. The proposed controller consists of two parts: one is responsible for the tracking control of the mobile platform in kinematics. The other part, which is capable of compensating the coupling force between the mobile platform and the robot arm, is for the robot arm in dynamics. Because neural network provides a fast method of autonomously learning the relation between a set of output states and a set of input states, we introduce a RBFNN into the controller to approximate the unstructured or structured uncertainties of the proposed model.
In the following section, we apply Lagrangian formalism to obtain the unified model of an omnidirectional mobile manipulator. In addition, we also introduce the structure of the mobile manipulator and deduce the kinematics of its mobile platform. Section III is devoted to controller design based on the presented kinematic model and the dynamic model using the computed torque control method (CTC) and a RBFNN. Section IV includes simulation results to validate feasibility and efficiency of the proposed method. Some conclusions and remarks are finally included in Section V.
II. SYSTEM DESCRIPTIONS
A mobile manipulator generally consists of a mobile platform and a robot arm. Fig.1 shows the omnidirectional mobile manipulator and the mechanical structure of its mobile platform in our lab. In this experimental setup, we adopt an omnidirectional mobile platform driven by three identical castor wheels, and these three identical castor wheels are fixed symmetrically on the bottom of the mobile platform, as is shown in Fig.1 x y θ for moving on the horizontal plane, and isn't subject to nonholonomic constraint. The robot arm, mounted on the omnidirectional platform, is similar to a SCARA manipulator.
The side-view of the identical castor wheels is shown in Fig.2 (1). The radius of each wheel is r, and the horizontal distance between C and the center , , , , , To facilitate modeling, it is assumed that the mobile manipulator has the following characteristics.
The mobile platform is uniform, and its barycenter is the center of the platform, which is denoted as C . The joints between links are rigid and massless, and all links are uniform.
A. Kinematic model
According to the above description, the kinematics of the mobile platform can be described as follow: 
holds [14] .
To avoid the wheels colliding each other, 1/ 2 γ ≤ can be always guaranteed in practical application. Based on the Property 1, the pseudoinverse matrix of the 0 ( , ) J β η always exists, and its Moore-Penrose pseudoinverse matrix can be depicted by 
B. Dynamic model
For the sake of simplicity, we only consider six DOFs as shown in Fig.1（2） in this unified dynamic model. According to Lagrange Formalism, in the absence of friction and other external disturbance, the unified dynamic model can be written as: τ , the dynamic model of the mobile manipulator can be depicted by
Obviously, the above dynamic models satisfy the following three properties. Property 2: The inertia matrix is symmetric and positive definite, and satisfies:
where m λ , M λ are positive scalar constants, and . denotes the Euclidean vector norm.
Property 3:
The centripetal and Coriolis matrix is bounded as a function of , i.e., 
is a skew-symmetric matrix, i.e., satisfies the following relationship:
III. CONTROLLER DESIGN AND STABILITY ANALYSIS In order to control the mobile manipulator effectively, an adaptive hybrid controller, based on the kinematics of the mobile platform and the unified dynamic model of the whole system, is proposed in this section. As shown in Fig.3 , the upper part denotes a tracking controller based on the kinematics of the mobile platform, and the lower part is an adaptive controller for the robot arm in dynamics. In addition, , represents the desired trajectories of the mobile platform and the robot arm respectively, and
La is the learning algorithm of the RBFNN.
A. Tracking controller for the omnidirectional mobile platform
As for the mobile platform, we assume the given trajectory is .Based on the kinematics, we design the control law as (10) into (4), we can obtain the following relation easily:
From (11), we can conclude that if we choose a proper 1 p k and , the tracking error will decay to zero. t → ∞ 1 e Remark 1: Because this controller is based on the kinematics of the mobile platform, the reaction from the robot arm is also involved in this controller.
B. Adaptive controller for the robot arm

B.1. Problem formulation
To obtain the coupling torque vector, we can rewrite the unified dynamic model as 
where 11
× block matrixes, and , ,
[ ] [ ]
Choose the second row of (12) . We can easily obtain the following relations: Substitute (14) into (13) 21  22  2  2  2   1  2 , , , 
In this way, the relationship of the output layer can be written as: 
Proof：Consider the following Lyapunov function [13] : (
(32) By applying the properties of matrix theory, we can obtain the time derivative of V as 
It is easy to obtain
, and
is negative outside the following compact set :
Assumption 2 ensures that W is bounded, i.e., W is bounded. Thus 
Therefore, the whole closed-loop system is asymptotically stable, i.e., the position tracking error and velocity tracking error will asymptotically tend to zero as time goes to infinity. The initial conditions are given as follow:
[ ]
V. CONCLUSIONS
In this paper, an adaptive hybrid controller, based on the kinematics of the mobile platform and the unified dynamic model of the whole system, is proposed. The stability analysis is proved by Lyapunov approach. From the discussion and simulation results, the following conclusions can be reached:
1. Using a RBFNN, the proposed controller is able to track the given trajectory even if the unmodeled error and the external disturbance are significant.
2. Compared to the method presented in literature [10] , an easy way to compute the coupling torque between the mobile platform and the robot arm has been found based on the unified model.
Simulation results show the validity of the presented models and effectiveness of the developed controller, and this control scheme is also can be adopted in position and force control occasions in the future. 
